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Introduction
Mixed metal oxides with the general formula BiM 2 AO 6 (M = Mg, Ca, Cd, Cu, Pb, Mn, Zn; A = V, P, As) form a family of materials with rich structural chemistry and physical properties. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Interesting properties of the BiM 2 VO 6 compounds include non-linear optical behaviour [5, 10] , low-dimensional spin-ladder magnetism [16, 17] and photocatalytic activity for organic dye degradation and oxygen evolution. [18] [19] [20] The crystal structures of these materials can be generally described as based on orthorhombic unit cells of approximate dimensions a ~ 11.5 Å, b ~ 5.5 Å and c ~ 8.5 Å, and typically contain BiO 2  infinite chains, AO 4 tetrahedra and interspersed M 2+ cations which, depending on the size and bonding preferences, adopt coordination numbers between 5 and 7. Seven vanadates with the above general formula have been reported, with M = Mg, Ca, Cd, Cu, Pb, Mn and Zn, and full structures have been reported for all except the Zn compound. The known structures are closely related and can be described in terms of the building blocks mentioned above. BiMg 2 VO 6 and BiMn 2 VO 6 both crystallise in space group Pnma, with the former undergoing a phase transition to Cmcm at about 300 K. [8, 12 ] BiCa 2 VO 6 and BiCd 2 VO 6 adopt the noncentrosymmetric polar space group Cmc2 1 . [5, 9] BiCu 2 VO 6 and BiPb 2 VO 6 are both primitive monoclinic at room temperature and undergo phase transitions to higher symmetry structures at high temperatures. [11, 14] The synthesis of BiZn 2 VO 6 was reported by Bosacka et al., who reported an indexed powder diffraction pattern and a triclinic unit cell, but no further structural information was given. [21] In this paper we report a combined experimental and computational study of the structure and properties of BiZn 2 VO 6 . We show that BiZn 2 VO 6 adopts an entirely new structure type and that it is the only material in the BiM 2 AO 6 (A = V, P, As) family which doesn't appear to be structurally closely related to others. We also report electronic structure calculations performed on BiZn 2 VO 6 by DFT.
Experimental

Synthesis
All polycrystalline samples were prepared from stoichiometric quantities of Bi 2 O 3 , ZnO, CuO and NH 4 VO 3 , by heating an intimately ground mixture of the reagents in alumina crucibles in air at 700 o C and 800 o C for 30 hours at each temperature, with grinding between the two firings.
Structural characterisation
Powder X-ray diffraction (PXRD) data were collected on a Bruker D8 ADVANCE diffractometer, with CuK  radiation equipped with a VÅNTEC position sensitive detector.
PXRD data for the initial structure solution of BiZn 2 VO 6 were collected in a 10-90° 2 range, with a step size of 0.02° and a step time of 3 s, while the data set for the refinement was carried out using a pattern collected in a 10-120° 2 range, with a step size of 0.02° and a step time of 5 s. All PXRD data were analysed using Topas Academic software. [22] 
Electronic structure calculations
To analyse the structure and the electronic properties of BiZn 2 VO 6 from a theoretical aspect, we conducted first-principle calculations using the CASTEP (Cambridge Serial Total Energy Package) software-package. [23] For the calculations, a plane wave basis set with a cut-off energy E cut = 500 eV was chosen for expansion of valence-electron wave functions at the Local Density Approximation (LDA) level. The structure obtained experimentally in the current work was used as a starting model. A further geometry optimisation by the BroydenFletcher-Goldfarb-Shannon (BFGS) method was performed. The criterion for self-consistency (SCF) was eigenenergy convergence within 10 -9 eV/atom. The k-space was sampled using a 5×5×4 Monkhorst-Pack grid (reciprocal spacing ~0.04 Å -1 ) and the ultrasoft pseudopotential was constructed from the CASTEP database. For the geometry optimisation, the convergence criterion was set as absolute net force within 10 -3 eV/Å. Finally, the electronic band structure of the optimised structure was calculated using the same electronic SCF parameters.
Results and discussion
Crystal structure of BiZn 2 VO 6
The structure solution of BiZn 2 VO 6 was carried out by repeated minimisations from random starting values implemented in Topas Academic. The observed PXRD pattern was Pawley fitted [24] using the triclinic unit cell proposed by Bosacka et al. [21] and space group P1.
The obtained cell parameters were: a = 6.88278 (8) Pawley fit was obtained (R wp = 2.20%), the unit cell parameters, the zero point, the peak shape function terms and the background terms were fixed. The unit cell volume, the space group and the formula suggested that the asymmetric unit should consist of 1 Bi, 2 Zn, 1 V and 6 O atoms, assuming they were all located on the general position. The starting configuration for structure solution was an asymmetric unit in which all 10 crystallographically independent atoms were placed at the origin, with an overall isotropic atomic displacement parameter B iso = 1 Å 2 ; this configuration corresponds to an agreement factor R wp = 29.25%. Repeated minimisations from random starting values [25] were performed during which the fractional coordinates of the 10 unique atoms were varied (randomly displaced, then optimised by Rietveld refinement), along with one overall isotropic temperature factor. This approach repeatedly produced a solution which gave an excellent fit to the experimental pattern (R wp = 3.57%) and a physically sensible model consisting of a tetrahedrally coordinated V atom and one tetrahedral and one distorted octahedral Zn atom.
Free Rietveld refinement [26] of this starting model was carried out against the full data set (10-120° 2 range), in which the varied parameters included the zero point, background terms, the peak shape function terms, the fractional coordinates of all atoms and two isotropic atomic displacement parameters (one for the metals and one for the oxygen atoms). This gave an excellent fit to the observed data, with R wp = 2.70%, the V-O bond lengths ranging from 1.601.81 Å, tetrahedral Zn-O bond lengths ranging from 1.912.03 Å and octahedral Zn-O bond lengths from 1.882.35 Å. Applying bond length restraints led to a narrower spread of bond lengths with a very small increase in the R-factor (R wp = 2.81%, Rietveld plot shown in Figure 1 ); this is the final crystallographic model presented in Table 1 and Table 2 . Unit cell parameters and space groups for the seven known BiM 2 VO 6 vanadates, along with the ionic radii of the relevant M 2+ cations are summarised in Table 3 . These are normally described as consisting of (BiO 2 ) 2 chains, isolated VO 4 tetrahedra and interspersed M 2+
cations. An alternative description, based on the edge-sharing of fluorite-like OBi 2 M 2 tetrahedra and isolated VO 4 tetrahedra as the key structural building blocks, was
proposed. [11] This enabled rationalisation of the different (but related) crystal structures adopted in terms of the VO 4 tetrahedra tilts relative to the arrangement in the highest symmetry variant and facilitated understanding of the structural phase transitions exhibited by some of these materials as a function of temperature. VO 6 there are six crystallographically independent Cu sites, four of which are 5-coordinate and two of which are 6-coordinate. In both cases, however, the coordination environments are better described as 4+1 and 4+2, since there are always four CuO short bond lengths of up to 2 Å, and an additional one about 2.3 Å long or two ranging from 2.5 and 2.8 Å. [6] We were therefore specifically interested in probing whether substituting either 100  95  90  85  80  75  70  65  60  55  50  45  40  35  30  25  20  15 100  95  90  85  80  75  70  65  60  55  50  45  40  35  30  25  20  15 (4) o , V = 260.50(2) Å 3 for the latter. We conclude that no complex superstructures form in this system under the synthetic conditions used.
Electronic structure of BiZn 2 VO 6
The DFT geometry optimisation resulted in unit cell parameters of BiZn 2 VO 6 of a = 6.7829 
Conclusions
The crystal structure of bismuth zinc vanadate, BiZn 2 VO 6 , has been solved from laboratory powder X-ray diffraction data using the repeated minimisations from random starting values method. This material adopts an entirely new structure type, built up from corner-and edgesharing ZnO 4 tetrahedra, ZnO 6 octahedra and VO 4 tetrahedra, and Bi 2 O 12 dimers. This is the only known member of the BiM 2 AO 6 (M = Pb, Ca, Cd, Mn, Zn, Mg, Cu; A = V, P, As) family which doesn't appear to be structurally closely related to others.
Investigations into generating more complex BiM 2 VO 6 superstructures by substituting 1/3 or 2/3 of Cu atoms in BiCu 2 VO 6 by Zn showed that in the case of Bi(Cu 2/3 Zn 1/3 ) 2 VO 6 a singlephase product was formed, adopting the BiCu 2 VO 6 structure. Details of the Cu/Zn distribution over the crystallographic sites in this structure type cannot be probed by X-ray diffraction, due to insufficient contrast between the two species. In the case of nominal Bi(Cu 1/3 Zn 2/3 ) 2 VO 6 composition, a two-phase product was obtained, as demonstrated by Rietveld analysis.
The electronic structure of BiZn 2 VO 6 , calculated by DFT methods, shows that this material is an indirect gap semiconductor, with a calculated band gap of 1.6 eV, which compares favourably to the experimentally measured value of 2.4 eV.
